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ABSTRACT

The Lumajang Waters (LW) is located in South Java and is one of the waters with outstanding primary
productivity. The variation in primary productivity in a water body serves as an indicator of its aquatic
fertility. Many seasonal parameters and physical oceanographic phenomena (currents, upwelling,
nutrients, wind and waves) can influence the variability of chl-a in the ocean. In the current study, we
conducted a comprehensive analysis of chl-a variability using both horizontal and vertical data. We
found the highest chl-a in Lumajang waters occurred from July to October, and the El Nifio Southern
Oscillation (ENSO) and the Indian Ocean Dipole (IOD) events make higher chl-a. The peak chl-a
concentration in 2019 was 2.03 mg/m?® in July, whereas in 2023 it reached 3.01 mg/m* in October.
However, we found the value of correlation between wind (Ekman Mass Transport (EMT)) and Chl-a
was stronger in 2019 than in 2023. The coastal upwelling that increases in chl-a concentration in 2019
and 2023 is observable as a lifted water mass with a density of 23 kg/m? from 100 meters depth to the
surface. Despite lower intensity of coastal upwelling, chl-a concentration in 2023 was higher than in
2019. On the other hand, Rrs 555 in 2023 which represents Total Suspended Solids (TSS) exhibited a
2-times higher than the other years, particularly from August to October. The high Rrs 555 may be
associated with the increase of TSS brought by river runoff, considering that many rivers flow from
the upper land and fertilize the waters of Lumajang. These characteristics make Lumajang waters very
unique, as two mechanisms run together influencing the chl-a variation.
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1. INTRODUCTION

The Lumajang Waters (LW) is located in South Java and is one of the waters that has outstanding
primary productivity. This primary productivity is influenced by the location of the LW, which has a
compact bathymetry and is passed by the South Java Current and the exit of the Indonesian
Throughflow (Krabbenhoeft ez al., 2010; Wijaya et al., 2023; Guo et al., 2023; Sartimbul et al., 2023).
This complexity creates the phenomena of oceanographic physics and the interaction of the
atmosphere and the ocean. Rachman et al. (2024) stated that in the waters off southern Java, a coastal
upwelling phenomenon occurs, which contributes to the variability of primary productivity in this
region. The variation in primary productivity in a water body serves as an indicator of its aquatic
fertility. The clean primary productivity in the form of plankton is an important element in the food
chain of a body of water (Sarker et al., 2023).
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The abundance of phytoplankton can be monitored using chlorophyll-a (chl-a) concentration
(Garini et al., 2021). Chl-a is the dominant color pigment in phytoplankton (Yun et al, 2019).
Furthermore, the variability of chl-a in the ocean can be influenced by many seasonal parameters and
phenomena, including currents (An et al., 2025), upwelling (Munandar et al., 2023; Wirasatriya et al.,
2023), nutrients (Maslukah et al., 2023), wind (Zampollo et al., 2025), and waves (Liu et al., 2025).

According to earlier research, variability of chl-a in the southern Indonesian seas is influenced
by local and global scales of oceanographic phenomena. The local scale, such as monsoon (Haryanto
etal., 2021), and the global scale, such as the IOD (Kunarso et al., 2023; Rachman et al., 2024), ENSO
(Wijaya et al., 2020; Hidayat et al., 2025), Kelvin waves (Xu et al., 2018; Wijaya et al., 2024),
precipitation (Kim et al., 2014; Wirasatriya et al., 2021). The high variability of chl-a concentration
is a central indicator of marine productivity and a basis for predicting potential fishing ground area.
Furthermore, many studies have indicated that plentiful fishery production in the southern Indonesian
seas occurs during the upwelling season (Pet-Soede et al., 1999; Syamsuddin et al., 2013; Nugroho et
al., 2022).

Previously, numerous researchers have conducted studies on the influence of IOD and ENSO on
the variability of chl-a concentration in Indonesian seas. Susanto et al. (2001) was one of the early
studies to identify the impact of ENSO on chl-a in this region. Additionally, Iskandar et al. (2022)
investigated the extreme positive Indian Ocean dipole in 2019 and its impact on Indonesia. Rachman
et al. (2024) examined the influence of ENSO and IOD on upwelling variability in the southern
Indonesian region. The results indicated that IOD and ENSO can cause South Java Island's sea surface
temperature to drop and its chlorophyll-a to rise. However, these studies often lack comprehensive
information (Rachman et al., 2024; Iskandar et al., 2022; Susanto et al., 2001), which only analyzed
the impact of IOD and ENSO on chl-a concentration in surface water and did not provide
comprehensive vertical profile information to influence chl-a in surface water. Therefore, it is
essential to conduct a more comprehensive analysis of the relationship between surface and vertical
profile phenomena and the variation of chl-a. Further, we need to investigate the impact of EMT,
TSS, IOD, and ENSO on these phenomena. Therefore, this study can provide more comprehensive
insights into surface and vertical phenomena of chl-a and its connection to global phenomena. This
research will establish a crucial scientific foundation for ocean management, with immediate
implications for the prediction of fishery yields, the issuance of early warnings for harmful algal
blooms, and the evaluation of the effects of climate change on marine ecosystems.

2. STUDY AREA

This research was carried out in the LW with coordinates of 7° S to 10° S and 111.5° E to 114.5°
E (Fig. 1). This area is known to have a high upwelling due to strong wind, complex bathymetry and
topography. We analyze the coastal and marine areas represented by the box in Fig. 1.

3. DATA AND METHODS

3.1. Data

To identify the variability of chl-a, we used data derived from the Ocean Colour Climate Change
Initiative (OC-CCI), which is a program from the European Space Agency (ESA). OC-CCI are
compelling from more than one satellite image with the high atmospheric correction and chl-a
algorithm (Sathyendranath et al., 2019; Munandar et al., 2023) with the Root-Mean-Square Deviation
(RMSD) reaches 0.34 (Garnesson et al., 2022) (OCEANCOLOUR_GLO BGC L4 MY 009 _104).
We used daily level 4 data with 0.04° spatial resolution interpolated to fill in missing data values. To
examine the possible corruptions of satellite chl-a observation by the muddy water, we used
reflectance remote sensing at 555 (Rrs 555) (https://oceancolor.gsfc.nasa.gov/13/).
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Fig. 1. Bathymetry and topography of the research area and names of the major seas. The thick and thin boxes
depict the two area. The blue line is a river in Lumajang Regency.

To investigate the relationship between interannual phenomena and chl-a variability, we used IOD
and ENSO. IOD and ENSO are calculated from the difference in anomaly of sea surface temperature
in the Indian Ocean (IOD) and Pacific Ocean (ENSO). We obtained IOD data from
https://stateoftheocean.osme.noaa.gov/sur/ind/dmi.php#:~:text=The%20DMI1%20index%20is%20an
.Ocean%?20Dipole%200r%20Zonal%20Mode. Next, ENSO data was obtained from
https://origin.cpc.ncep.noaa.gov/products/analysis_monitoring/ensostuff/detrend.nino34.ascii.txt.
The ONI data describes the value of the sea surface temperature anomaly (SSTA) found in the Nifio
3.4 region. The frequencies of IOD and ENSO months during 2015-2024 are presented in Fig. 2.

To understand the vertical profile, we analyzed potential seawater density, which is calculated
from seawater potential temperature and seawater salinity. The Copernicus Marine Environment
Monitoring Service (CMEMS) (GLOBAL MULTIYEAR PHY 001 030) provides the temperature
and salinity data. Both data have a spatial resolution of 0.083° x 0.083°, and the value of RMSD
reaches 0.4°C (temperature) and 0.2 psu (salinity). We obtained the precipitation data from ERAS
monthly averaged data on single levels (https://cds.climate.copernicus.eu) and this data has good
accuracy (Jiao et al., 2021).

For wind and EMT  analysis, the wind data can be accessed at
https://www.remss.com/measurements/ccmp/. The data is combined with satellite data, mooring
buoys, and model wind data (Mears et al., 2019). CCMP provides a spatial resolution of 0.25°x0.25°
and an observation interval of 6 hours and the value of RMSE reaches 0.5 m/s (Atlas et al., 2011).
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Next, the wind data is then further analyzed to obtain the EMT value. Bathymetry and topography
were obtained from the Geospatial Information Agency of the Republic of Indonesia
(https://tanahair.indonesia.go.id/). The observation period in this research is from January 2015 to
December 2024. All the data will be calculated in each extreme phenomenon condition. Moreover,
the satellite and reanalysis data have passed many quality checks and preprocessing procedures by
the data source.
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Fig. 2. Time series of the IOD and ENSO years from 2015-2024 based on the ONI 3.4 and DMI.
3.2. Method

Some of the data are daily time series data, so they need to be combined into monthly
climatological data. The calculation of the monthly climatology follows the following equation:

n

— 1
Xeoy) == w0 M

i=1

where X (x,y) is an average of the pixels data, x;(x, y, t) is the i value of the data at position
(X, y) and time (t). Further, n is a number of data (i.e., from 2015-2024). x; is excluded from the
calculation if that pixel has a missing data value. To investigate the EMT, first, we converted surface
wind data into wind stress (t) by using the following equation:

T = paCalUfy (2)

where p, is the density of air (1.25 kg m?), Cd is the drag coefficient (WAMDI group, 1988)
and U is the wind speed 10 m above sea level. The value of Cd follows WAMDI (1988). Next, we
calculated classical EMT by following equations (i.e. Wang and Tang, 2014):

1000C; = 1.29 for 0 m/s <Ujp < 7.5 m/s
1000C,; = 0.8 + 0.0065U;, for 7.5 m/s < Uy < 50 m/s
EMT = ! 3)
Pwf

where p,, is the density of seawater (1.025 kg m®) and f is the Coriolis parameter (f'= 2€ sin 0)
(Stewart, 2008; Antonini & Caldeira, 2021). We also calculated potential seawater density at the
normal atmospheric pressure from the profiles of temperature and salinity by using the UNESCO's
(2015) formula. We also calculate Pearson correlation (bivariate correlaation) to determine the
dominant role to chl-a variability.
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4. RESULTS AND DISCUSSIONS

4.1. Monthly Variation of Surface Layer

We analyzed the monthly chl-a, IOD, ENSO, surface wind, wind stress, precipitation, Rrs 555,
and EMT along the LW region from January to December over the periods of each dataset. Figure 2
displays the IOD and ENSO conditions from 2015 to 2024. The peak condition of IOD occurred in
2019 and 2023, shown by the positive extreme values of 1.85269 and 1.37728, which occurred in
October. Further, the peak of ENSO conditions arose in August 2019 and August 2023, showing
ENSO positive reaches of 0.74 and 2.01, respectively (Fig. 2). Therefore, the present study focuses
on 2019 and 2023, as the impact of EMT, upwelling, Rrs 555, IOD positive extremes and ENSO on
chl-a concentrations is robust in both years.

The mean of monthly and climatological chl-a concentrations provides an overview of the time
series evolution and spatial distribution of chl-a concentration in LW (Fig. 3). As shown in Fig. 3B,
the highest chl-a concentration in 2019 reached 2.03 mg/m?® (July) and in 2023 reached 3.01 mg/m?
(October). This shows IOD+ and the El Nifio event in 2023 had a stonger influence on increasing chl-
a compared to the extreme IOD+ and the ENSO normal event in 2019 (Fig. 2). The patterns of
monthly chl-a variation in 2019 and 2023 differed from the climatological pattern which has the
highest chlorophyll-a in September (2.4 mg/m?) (Fig. 3B). The results prove that climate variation
(IOD and ENSO) affects the variability of chlorophyll-a in LW.
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Fig. 3. The spatial distribution (A) and time series (B) variation of chl-a in LW and over the area 8.42° - 8.8° S,
112.82° - 113.24° E (thick box) and 9° - 9.42° S, 112.82° - 113.24° E (thin box). The thick box is represented
onshore, and the thin box is shown offshore. The red line represents 2019, the green line shows 2023, and the
black line shows climatology data. The peak of chl-a concentration in both areas is different from the peak of
the same IOD and ENSO.

To investigate the variation of upwelling in 2019 and 2023, we calculated wind speed and EMT
in this region. First, we generated the spatial distribution of wind speed and EMT (Fig. 4) and
examined the relation with chl-a.
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Fig. 4. Tllustrates the spatial distribution of wind speed (A) and EMT (B) in LW. July and October represent
peaks of IOD and ENSO events in 2019 and 2023.

Previous studies have confirmed that wind speed is a major physical factor that generatese the
coastal upwelling process and then influences chl-a variability (Setiawan & Habibi, 2011; Wirasatriya
et al., 2017; 2020; Kunarso et al., 2023; Munandar et al., 2023). Figure 4 shows the distribution of
wind speed and EMT in LW. In July and October, wind speed had the same direction to the northwest,
with the highest speed occurring in February (8 m/s) and May (6.8 m/s) (Fig. SA).

8 [T T T T [T T [T T T [T T T [T T T T [T T T T[T T T T T[T T T[T T T[T TTTi7 7T 8
—6
@ 1 2
E 4 E
e e
g —4 8
Q. Q.
[79] - @
© °
£ - £
= .
-2

[ IREEEERENA SRRNREREN) RRRRNNNRR] ARRRRNRER] ARRRRRNNEE ARRRRRRNNE RRNRRRRANE ARRNNERRNE SRRRNRERRI ARRRRUNER ARRRRRNRREL
Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
G_II|III||II||III||IIIlIIIIIIIIIIIII||IIIIIIII||II|||II|||II||III||III||II|||II|||II||IIIII|II||II||I|I||IIII|I_5
e B f,

2 —2
o : m :w
w F -4 E
= 0o 9]
= b Sl
z F 1 a
> - -1 >
21— —-2

-4 — — -4
N SENNREEEN] ARRRRRRANE ARRRNNEER] AANRRRRRN ARRRRRNNEE AR NRNERT] ANRRRRRRNE SRRRRNRER] ARNRRRRRN ARRRRRRNNE RRRRNRERTE
Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

Month

Fig. 5. Time series monthly of wind speed (A) and meridional EMT (B) in 2019 (red line) and 2023 (green
line) (averaged from the thick box and thin box in Fig. 1). Negative (positive) meridional EMT means offshore
(onshore) EMT.
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The spatial and temporal data of wind speed revealed that the thick box (onshore) has lower
wind speed compared with the thin box (offshore). Wirasatriya et al. (2019) demonstrated that the
Coriolis effect may influence the impact of wind direction on EMT. The direction of the EMT is
deflected clockwise in the northern hemisphere and counterclockwise in the southern hemisphere
(Nouri et al., 2020). This is consistent with the EMT results obtained, where the wind direction in
July and October is northwest, so that the direction of EMT is deflected counterclockwise to the
southwest. The result of the EMT revealed that increased (decreased) offshore EMT occurred from
May to December (from January to April) and the chl-a concentration was also higher from May to
December than from January to April in both 2019 and 2020 (Figs. 4B and 5B). Wirasatriya et al.
(2020) and Rachman et al. (2024) identified the steady southeast-to-northwest winds generate
offshore EMT, which induces coastal upwelling and enhances chl-a concentrations.

4.2. Monthly Variation of Vertical Layer

The previous studies and analysis indicated coastal upwelling occurred, which explains the
increased chl-a concentration in the surface layer (Rachman et al., 2024). The offshore EMT exhibited
nearly the same value in 2019 and 2023. On the other hand, chl-a concentration in 2023 was higher
than in 2019, with differences reaching up to 1 mg/m? (Fig. 3). To prove that the increasing chl-a in
2019 and 2023 resulted from coastal upwelling, we calculated the vertical profile of potential seawater
density from temperature and salinity data. We focused on the thick box (Fig. 1) due to its highest
concentration of chl-a.

The lifting of higher-density water masses signified the occurrence of coastal upwelling in both
years. The lifting isopycnal of 23 kg/m? reached a surface of 10 m from June to November, indicating
the coastal upwelling process in 2019 (Fig. 6a). In contrast, the lifting isopycnal of 23 kg/m? reached
a surface of 10 m from August to October indicates the coastal upwelling process in 2023. This
observation is consistent with the findings of Wirasatriya et al. (2020) and Rachman et al. (2024),
who reported that coastal upwelling in the south of Java occurs in the eastern season, marked by the
occurrence of shoaling of pycnocline depth. Nevertheless, the result indicates that coastal upwelling
in 2019 was stronger than in 2023, as denoted by the higher surface density (i.e., more than 22.5
kg/m?3) from June to November.

In accordance with the previous studies (Wang & Tang, 2014; Wirasatriya et al., 2020;
Munandar et al., 2023; Rachman et al., 2024; Xu et al., 2025), upwelling clearly had an impact on the
higher chl-a concentration in 2019 in LW. On the opposite side, the highest chl-a in 2023 did not seem
to have a clear effect of upwelling on the increasing chl-a concentrations in LW.

Furthermore, we conducted a statistical analysis to determine the association between chl-a,
EMT, and wind speed for both years, as shown in Table 1. In 2019, the correlation between chl-a and
meridional EMT was very significant (-0.62*), and the correlation between chl-a and wind speed was
also very significant (0.6%). In contrast, the correlation between chl-a and meridional EMT in 2023
was lower (0.41), while no significant correlation was found between chl-a and wind speed in 2023
(0.03). These result suggest that meridional EMT (upwelling event) had a greater impact on chl-a
variation in 2019 compared to 2023. Thereby, other phenomena likely contributed to the increase in
chl-a concentration in LW in addition to upwelling in 2023. In the next section, we examine the
possible mechanisms that explain why chl-a levels in 2023 was higher than those in 2019 in LW.

Table 1.
Highly significant correlation analysis (p < 0.05) among monthly chl-a, meridional EMT, and wind speed
in Jan — Dec 2019 and Jan — Dec 2023 inside the thick boxes as shown in Fig. 1.

Variable Meridional EMT Wind Speed
2019 20.62% 0.6*
Chl-a 2023 -0.41 0.03

* Correlation is significant at the 0.05 level (1-tailed).
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Fig. 6. Vertical profile of daily potential seawater density in Lumajang Waters in 2019 (A) and 2023 (B)
(average from the thick box) using reanalysis data. The black contours in A) and B) are isopycnals of 23 kg/m?>.

4.3. Possibility of Total Suspended Solids impact on chlorophyll-a

To investigate other possibilities for the mechanism to influence the highest chl-a, we analyzed
time series precipitation and Rrs 555. To address the incongruity of the relationship between
meridional EMT and Chl-a, we plot the temporal variability of precipitation and Chl-a in both years
in Fig. 7. We expand the average precipitation area to the upland area to account for the potential
impact of the river runoff during the rainy season. Wirasatriya et al. (2021) demonstrated the river
runoff may increase the chl-a concentration; this rise is due to the existence of anthropogenic
compounds.

September and October did not clearly show a significant increase in precipitation in the
Lumajang area. Nevertheless, the topography of Lumajang Regency can affect river runoff. Lumajang
Regency is surrounded by volcanoes (Mount Semeru and Mount Argopuro) and the ocean (Indian
Ocean). Mount Semeru last erupted in 2023, while no eruptions occurred in 2019 (Handoko et al.,
2025). The eruption of Mount Semeru was expected to increase the sediment influx into the LW rather
than the precipitation.
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Fig. 7. Time series of monthly precipitation in 2019 (red line) and 2023 (green line) (averaged from the thick
box in Fig. 1).

Furthermore, many rivers discharge into the Lumajang Waters (i.e., Bondoyudo River, Mujur
River, Rakinten River and others). Volcanic material was probably transported from upper land to the
sea through these rivers. The TSS from river runoff can influence the results of imagery from satellite
observations (Maslukah et al., 2024). Volcanic ash or volcanic material (sediment) can also affect the
variability of chl-a concentration in seawater (Katada et al., 2025). The apparent rise in chl-a
concentrations may result from erroneous satellite image observations attributed to TSS.

To investigate the possibility of TSS influencing the error of the observations of chl-a
concentration, we used Rrs 555 to identify TSS in the ocean. Many previous studies have used Rrs
555 for the identification of TSS, including Mobley et al. (2004); Siswanto et al. (2011); Matsushita
et al. (2012); Wang & Tang (2014); Wirasatriya et al. (2021); Munandar et al. (2023); and Wijaya et
al. (2024). According to Matsushita et al. (2012), the ocean is categorized into case-1 and case-2
waters. Case-1 waters are clean waters and have less contamination, while case-2 waters are more
complex and contain more contaminat. The increase in Rrs 555 suggests that the chlorophyll-a
measurements obtained from satellite images is inaccurate, as they represent a lot more than just
phytoplankton. From 2015 to 2022 and in 2024, Rrs 555 was at most 0.0025 sr! throughout the year.
In contrast, Rrs 555 in 2023 exhibited a 2-times higher than the other years, particulary from August
to October (Fig. 8). To convince the influence of Rrs 555 to chl-a, we calculated the correlation
between Rrs 555 and chl-a. In 2019 and 2023, the value of correlation between Rrs 555 and chl-a was
categorized as high, However, it was higher in 2023 (0.83**), than in 2019 (0.53) (Table 2).

As discussed earlier, the TSS in 2019 is lower than that in 2023, but overall, the Lumajang
Waters can be categorized as case-2 water. This condition may be attributed to the increase in river
runoff, considering that many rivers flow into the waters of Lumajang and originate from the
surrounding volcanoes. The precipitation data is not clearly seen to capture the increasing river runoff
in Lumajang Waters, besides upwelling. Therefore, further in-situ observations of river runoff and
TSS are needed to understand the TSS source in Lumajang waters. Consequently, the findings suggest
that the anthropogenic activities in the upland area may contributed to the variability of chl-a
concentration in Lumajang Waters.

Table 2.
Highly significant correlation analysis (p < 0.01) between monthly chl-a and Rrs 555 in Jan — Dec 2019 and
Jan — Dec 2023 inside the thick boxes as shown in Fig. 1.

Variable Rrs 555
2019 0.53
Chl-a 2023 0.83%%

** Correlation is significant at the 0.01 level (1-tailed).
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Fig. 8. The spatial distribution (A) and time series (B) variation of Rrs 555 in LW from 2015 to 2024 (averaged
from the thick box in Fig. 1).

6. CONCLUSIONS

Blended satellite-based data provide effective means to investigate water parameters in
Lumajang waters. Lumajang Waters have been identified as having the highest chl-a concentration,
which occurred during the east monsoon and transition II seasons due to the coastal upwelling. The
monthly chl-a variations in 2019 and 2023 ranges from 0.1 mg/m?® to 2 mg/m® and 0.1 mg/m* to 3
mg/m?, respectively. The coastal upwelling that increases in chl-a concentration in 2019 and 2023 is
observable as a lifted water mass with a density of 23 kg/m® from 100 meters depth to the surface.
Despite lower intensity of coastal upwelling, chl-a concentration in 2023 was higher than in 2019. On
the other hand, Rrs 555 in 2023 which represents TSS exhibited a 2-times higher than the other years,
particularly from August to October. The high Rrs 555 may be associated with the increase of TSS
brought by river runoff, considering that many rivers flow from the upper land and fertilize the waters
of Lumajang. These characteristics make Lumajang waters very unique, as two mechanisms run
together influencing the chl-a variation.
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